Furlan R. Lateralization of expression of neural sympathetic activity to the vessels and effects of carotid baroreceptor stimulation. Human studies suggest that cardiovascular neural sympathetic control is predominantly modulated by the right cerebral hemisphere. It is unknown whether post-ganglionic sympathetic activity [muscle sympathetic nerve activity (MSNA)] shows any functional asymmetry. Eight right-handed volunteers (3 women and 5 men, 32 Ϯ 2 yr of age) underwent ECG, beat-by-beat blood pressure, respiratory activity, and simultaneous right and left MSNA recordings during spontaneous and controlled breathing (CB, 15 breaths/min, 0.25 Hz). Dynamic carotid baroreceptor stimulation was obtained by 0.1-Hz sinusoidal suction, from 0 to Ϫ50 mmHg, randomly applied to the right, left, and combined right and left sides of the neck during CB. Laterality was assessed by changes in the MSNA burst rate (in bursts/min, and bursts/100 beats), strength [amplitude (A) and area (AA)], and the oscillatory component at 0.1 Hz during baroreceptor stimulation. Amplitude parameters were normalized by CB burst mean amplitude and area of the same side. At rest, the right and left MSNA burst rate and total MSNA activity were similar. Conversely, the right MSNA normalized burst AN (1.36 Ϯ 0.18) and AAN (1.31 Ϯ 0.16) were larger than the left MSNA AN (1.04 Ϯ 0.09) and AAN (1.02 Ϯ 0.08). Unilateral and bilateral carotid baroreflex stimulation abolished the right prevalence of AN and AAN. In conclusion, the right lateralization of sympathetic activity to the vessels is indicated by normalized burst strength parameters of bilateral MSNA recordings at rest during spontaneous breathing. Carotid baroreceptor stimulation disrupted such expression of MSNA lateralization possibly by disturbing the synchronizing action of right cerebral hemisphere. sympathetic control of circulation; muscle sympathetic nerve activity recording; burst amplitude; area; laterality
SEVERAL HUMAN STUDIES support the concept that the neural sympathetic activity regulating the cardiovascular system undergoes a predominant modulation exerted by the right cerebral hemisphere (2, 4, 10, 17-19, 33, 34) . The right side of the medulla was also found to be involved in cardioacceleration in vagotomized animals (16) . However, it has to be pointed out that the large majority of these investigations focused on functional modifications of the sympathetic target organs, i.e., on changes of heart rate and blood pressure and their variabil-ity, and did not focus on a direct measure of right and left efferent sympathetic activity.
Two studies (27, 28) addressed the problem of the potential dissimilarity between the right and left neural efferent sympathetic activity by recording simultaneously muscle sympathetic nerve activity (MSNA) in both peroneal nerves in humans. Sundlof and Wallin (27) focused on burst rate, which was found to be similar in the right and left side. Sverrisdottir and colleagues (28) also considered the relative burst amplitude of MSNA, highlighting the striking correspondence both in the occurrence and amplitude of MSNA bursts originating from the left and right peroneal nerves.
However, these studies did not take into account the potential modifications produced on the neural sympathetic discharge activity by respiration and its variability. Changes of the frequency and depth of breathing were hypothesized to gate MSNA (6) by affecting the activity of spinal sympathetic neurons so that sympathetic outflow to the vessels presented a maximum of activity at end expiration and a discharge pattern synchronous with respiration (8, 12) . In addition, breathing periodicity may indirectly affect the efferent sympathetic outflow by modulating arterial and cardiopulmonary baroreceptor afferent activity by means of the rhythmic modifications of systemic and pulmonary pressures produced by thoracic movement. Finally, afferent lung and thoracic stretch receptor activity (14) , which increases during inspiration, may contribute to the inhibitory modulation of sympathetic efferent activity.
On the basis of these considerations, we reasoned that to properly compare MSNA recordings obtained from different sides of the same subject and from various individuals, it would be advisable to use either the MSNA frequency and the normalized strength parameters and to refer each experimental condition to a standardized one characterized by a controlled frequency and depth of breathing. This latter normalization methodology differed from previous ones, mostly based on the use of the rest condition as reference (8, 31) .
In the present study we tested the hypothesis that a potential functional dominance of right cortical and subcortical structures may be mirrored by a right prevalence of post-ganglionic neural sympathetic discharge activity and quantified by the normalized sympathetic burst amplitude and area obtained from bilateral MSNA recordings.
To rule out the potential role played by peripheral factors in affecting laterality of post-ganglionic sympathetic nerve activity, we separately stimulated the right and left arterial carotid baroreceptors and assessed their effects on the right and left MSNA recordings and on their variability. Thus, as an addi-tional aim, we also evaluated whether a unilateral stimulation of carotid arterial baroreceptor structures might result in any lateralization of expression of MSNA.
METHODS
We studied eight normotensive right-handed volunteers (3 women and 5 men; 32 Ϯ 2 yr of age) without evidence of organic disease.
The ECG of lead II was recorded with a Gould ECG/Biotach amplifier (Gould Electronics, Cleveland, OH). The continuous finger blood pressure waveform was measured by the photoplethysmographic-based volume clamp method with a finger cuff on the middle finger of the nondominant hand (Finapres, Ohmeda, Englewood, CO) and verified using brachial blood pressure obtained by an automated auscultometric device (Dinamap blood pressure monitor, model 1846SX, Critikon, Tampa, FL) on the contralateral arm. The hand with the Finapres sensor was fixed at heart level. Respiratory flow was determined using a mouthpiece with a turbine (VMM-400, Interface Associates, Aliso Viejo, CA). End-tidal CO 2 was measured by a capnograph (Model 7000, Novametrix, Wallingford, CT).
MSNA was recorded from the peroneal nerve of the right and left leg simultaneously, as detailed elsewhere (20) . Briefly, a tungsten electrode with an uninsulated tip (diameter, 1-5 m; shaft diameter, 200 m; 2 M⍀; Frederick Haer, Bowdoinham, MA) was inserted into the muscle nerve fascicles of the peroneal nerve at the fibular head. The raw nerve signal was band-pass filtered (700 -2,000 Hz), amplified (100 ϫ 999.9), rectified, and integrated (time constant of 0 ⅐ 1 s) to obtain mean voltage neurograms (IMSNA) using a nerve traffic analysis system (662C-3, University of Iowa). Satisfactory recordings of MSNA were defined by 1) heart pulse synchronicity, 2) facilitation during Valsalva straining and suppression during the hypertensive overshoot phase after release, 3) increases in response to breath holding, and 4) no change during tactile or auditory stimulation. The order of the nerve stick and the use of the two Iowa amplifier system were randomized for the left and right peroneal nerves. In every study session, the two operators were randomly assigned for the right or left microneurography procedure.
Integrated MSNA, ECG, arterial pressure, respiratory activity, and neck suction signals were digitized at 300 samples/s by an analogicalto-digital board (AT-MIO 16E2, National Instrument) and stored on the hard disk of a personal computer for off-line analysis.
Protocol
All subjects were studied after a light breakfast not containing alcohol or caffeinated beverages, in a quiet room with a dim light and comfortable temperature. Thirty minutes after instrumentation, supine data acquisition during spontaneous breathing was initiated and lasted for 15 min. Thereafter, respiratory frequency was paced at 0.25 Hz (i.e., 15 breaths/min) for an additional 10 min. Subjects were asked to breathe following the rhythm of a programmed metronome without changing the depth of breath. This period was used as the reference condition for the normalization procedure of MSNA burst strength, as described in Burst detection and MSNA normalization.
The lead cuffs of the neck suction device were placed on the side of the neck just under the jaw angle and gently fastened with rubber strings. Thereafter, a sinusoidal neck suction, oscillating from 0 to Ϫ50 mmHg at a frequency of 0.1 Hz, was randomly placed at the right side, left side, and combined right and left sides in concordance of phase. The neck suction procedures were performed while patients were breathing at 0.25 Hz, i.e., during controlled respiration. This was done to avoid the confounding effects of different breathing frequencies on MSNA (6) and on arterial and cardiopulmonary baroreflex activity (7) , which in turn exert an inhibitory modulation on MSNA (9) . A full recovery was allowed after each suction procedure.
The experimental protocol was approved by the Vanderbilt University Institutional Review Boards. Written informed consent was provided by all subjects.
Burst detection and MSNA normalization. MSNA signal was lowpass filtered by a digital Finite Impulse Response (FIR) filter with a cut-off frequency of 5 Hz. Thereafter, sympathetic bursts were detected by a running threshold methodology that updated the burst detection threshold on a beat-to-beat basis to follow baseline wandering and modifications of MSNA burst amplitude. Only burst amplitudes characterized by a signal-to-noise ratio of Ն3 were accepted. The threshold was calculated by evaluating the sympathetic burst minimum value and the difference between the maximum and minimum value (i.e., ⌬) inside each cardiac cycle. The minimum value plus a 30% of ⌬ provided the running threshold. To account for the known conduction time of about 1.3 s for the peroneal nerve, the burst was searched for in a temporal window ranging from 900 to 1,700 ms after the QRS complex (15, 32) . The onset and offset of the burst were detected as the points where the first derivative crossed 0. The area of each burst was calculated as the area between the MSNA signal and the minimum value in between the onset and offset.
Various numbers of recruited sympathetic fibers and different amplification conditions (noise and needle position) are known to result in different recorded burst amplitudes and areas among different subjects. Therefore, these indexes of sympathetic discharge activity cannot be used either for interindividual or intraindividual comparisons. To overcome these limitations, the burst amplitude and area of each experimental condition (i.e., spontaneous breathing and all the neck suction procedures) were normalized by the corresponding side MSNA amplitude and area average values obtained during controlled respiration at 0.25 Hz. The 0.25-Hz paced breathing was considered as the reference condition.
As a result of the normalization procedure, burst amplitude and area are dimensionless. Values smaller than 1 indicate that the burst amplitude and area are lower than those obtained during controlled breathing, whereas values larger than 1 characterize the reverse condition (see Tables 2 and 3 , and Fig. 3 ).
Total MSNA was computed as burst frequency ϫ burst normalized amplitude.
MSNA beat-to-beat series extraction. The MSNA value corresponding to each cardiac beat was derived as the integral of the MSNA signal inside a specific cardiac interval divided by its duration (24) and assessed on a beat-to-beat basis, thus obtaining the MSNA series. The MSNA series with a removed mean value in each experimental condition were normalized by the standard deviation of the MSNA series derived during controlled respiration. Normalized MSNA series were analyzed using an autoregressive power spectral technique (23, 24) . The power of the 0.1-Hz (low frequency) and 0.25-Hz (high frequency) components of the normalized MSNA series was provided in absolute units. The power of each component was computed according to autoregressive power spectral decomposition technique. Powers smaller than 1 indicate that the powers of the MSNA series are smaller than those found during controlled breathing, whereas values larger than 1 indicate the reverse condition (see Table 4 , and Fig. 5 ).
Statistical analysis. Data are expressed as means Ϯ SE. To evaluate differences in the hemodynamic and respiratory parameters among spontaneous respiration, controlled respiration, and each side of the neck suction procedure, one-way repeated-measures ANOVA and Dunnett's post test were used (Table 1) . Student's t-test for paired observations was employed to evaluate differences between the right and left normalized MSNA recordings during spontaneous breathing ( Table 2) . Two-way repeated-measures ANOVA and Bonferroni's post test for selected pairs of columns were used to compare right-and left-sided differences in MSNA parameters (Table 3 ) and MSNA variability indexes during right, left, and right plus left carotid stimulation (Table 4 ). Differences were considered significant at values of P Ͻ 0.05. Table 1 ). The remaining parameters were similar in both conditions. Traces in Fig. 1, A and B, show examples of the recorded variables during spontaneous and controlled breathing, respectively. There was a remarkable similarity in the burst discharge activity between the right and left MSNA recordings. However, the burst strength, i.e., amplitude and area, was different.
RESULTS

Lateralization of MSNA.
When respiratory frequency was controlled at 0.25 Hz, a strong modulation exerted by breathing activity on systolic arterial pressure and MSNA variability of both sides could be observed. Indeed, the burst activity tended to occur at the end of expiration in both the right and left MSNA recordings ( Fig.  1B) . Controlled respiration did not elicit differences in the sympathetic burst rate between the right-and left-side recordings. Figure 2 shows traces of the concomitant right-and leftintegrated multiunit MSNA recordings during spontaneous breathing. The burst amplitude of MSNA was normalized by corresponding average MSNA burst amplitude values obtained from an MSNA recording of the same side during controlled breathing at 0.25 Hz. Notice that burst amplitude was higher in the right than in the left MSNA recordings, whereas the burst rate was unchanged. This observation is corroborated by the individual patterns shown in Fig. 3 and by the results shown in Table 2 that illustrate the average values of burst frequency, normalized burst amplitude and area of the right and left MSNA recordings, observed in the studied population. Total MSNA was only slightly larger in the right recording ( Table 2) .
Effects of carotid baroreflex modulation on MSNA lateralization. The mean values of heart rate and arterial blood pressure were unaffected by all suction procedures compared with the values of controlled breathing (Table 1, right) . Controlled respiration, in turn, did not induce major changes in the hemodynamics but decreased end-tidal CO 2 values compared with values of spontaneous breathing. Figure 4 shows a representative example of the right and left MSNA recordings during sinusoidal 0.1-Hz bilateral neck suction. MSNA recordings were normalized with respect to the average burst amplitude value obtained from the same-side recording during controlled breathing at 0.25 Hz. Notice that the burst amplitude was similar in the right and left MSNA recordings.
The right-, left-, and combined right-and left-sided sinusoidal 0.1-Hz neck suctions abolished the differences in normalized burst amplitude and the area between the right and left MSNA recordings (Table 3 ) observed during spontaneous breathing ( Table 2) . Monolateral and bilateral 0.1-Hz neck suctions similarly modified MSNA variability of both the right and left sides ( Fig. 5 ), i.e., slightly increased the 0.1-Hz oscillatory component of MSNA variability compared with the reference condition (controlled respiration).
No significant sided responses could be observed during unilateral and bilateral carotid baroreceptor stimulation (Table 4 ).
DISCUSSION
The results of the present study indicate that total MSNA, MSNA discharge pattern, and burst rate were remarkably similar in the right-and left-concomitant recordings of postganglionic neural sympathetic activity. Conversely, at rest, during spontaneous breathing, the normalized amplitude and area of sympathetic bursts were found to be higher in the right compared with left MSNA recordings. This suggests a right lateralization in burst strength in the present population of right-handed healthy volunteers. Finally, monolateral and bilateral carotid baroreflex stimulation abolished the right-sided prevalence in the strength of neural sympathetic discharge activity.
Lateralization of expression of post-ganglionic sympathetic activity to the vessels. An important result of the present study is the finding of a right-sided prevalence of the normalized MSNA burst strength at rest, despite similar a right and left MSNA discharge pattern and frequency. This latter aspect resulted in higher values of right MSNA total activity only in half of the volunteers of our study. Therefore, this suggests that the MSNA burst amplitude and area may provide a more suitable assessment of the sympathetic drive to the vessels than the simple burst rate. This hypothesis is in keeping with the findings of previous studies indicating that the MSNA burst relative amplitude distribution permitted the discrimination between normal subjects and patients with mild heart failure characterized by identical MSNA bursts rate (28) and between different pathological conditions with increased burst frequency (29) .
It should be recalled that sympathetic burst strength parameters critically depend on the number of sympathetic fibers that concomitantly discharge. Therefore, these indexes are largely affected by the proximity of the electrode tip to the active neural fibers. This complicates intersubject and intrasubject comparisons in particular whenever recording sites are different. To overcome these limitations, previous investigations normalized burst amplitude by the highest burst amplitude observed at rest (31) .
In the present study we employed a novel normalization procedure aimed at controlling the potential confounding effects exerted by the modifications of the frequency and depth of respiration on MSNA. Indeed, respiratory activity was found to gate MSNA (6) . In addition, rhythmic changes of systemic and pulmonary pressures produced by thoracic movements may influence post-ganglionic sympathetic activity by inducing modifications in both arterial (5) and cardiopulmonary (9) baroreceptor activity.
Therefore, we normalized MSNA burst strength parameters of the subjects of the present study, while they were recumbent and breathing spontaneously, by the mean burst amplitude and area of a reference period of controlled breathing at 0.25 Hz. This enabled an appropriate intersubject comparison by abolishing possible dissimilarities in the respiratory pattern.
It is noteworthy, however, that during the paced breathing, our volunteers became hypocapnic, as indicated by lower values of end-tidal CO 2 , compared with the spontaneous breathing condition. This raises the possibility that hyperventilation per se might affect the sympathetic response and induce a false laterality in the MSNA burst strength during controlled breathing. Because of the normalization procedure, this might be reflected in all the other experimental settings of the present study, including the supine spontaneous respiration condition characterized by the right MSNA laterality. However, a previous investigation suggested that hypocapnia does not affect either rate or strength burst parameters at rest (26) . Indeed, subjects either on spontaneous breathing or controlled respiration at 0.25 Hz showed similar values in MSNA burst rate and total amplitude, both during hypocapnia and normocapnia (26) .
Studies assessing the central autonomic control of the cardiovascular system have highlighted the dominant role of the right hemisphere compared with the left brain in modulating the sympathetic activity to the heart and vessels (2, 3, 10, 19, 22, 30) . For example, electrical stimulation of the superficial insular cortex in patients undergoing surgery for intractable epilepsy showed a right-sided dominance for sympathoexcit-atory effects such as tachycardia and an increase in blood pressure (22) . Strokes lateralized to the right insular cortex were associated with hypertension (2), reduced heart rate variability (3) and increased sympathetic activity (19) .
The results of the present study, pointing to a right prevalence of normalized sympathetic burst amplitude and area in the presence of similar right and left burst frequency, suggest that MSNA burst rate and strength are differently controlled in humans at rest during spontaneous breathing.
We hypothesize that, after the removal of the confounding effects of respiration on MSNA parameters and in a supine position characterized by a minimal baroreflex inhibitory activity on MSNA, the brain influences arising from the right cortical and medullary areas might result in a higher right-sided MSNA normalized burst amplitude and area. However, the potential contribution by other neural structures, including deeper subcortical areas, hypothalamus (21) , neuraxis, and ganglia cannot be excluded (1) .
Given that MSNA burst amplitude and area depend on the synchronization of neural firing within sympathetic fibers, it is conceivable that the cerebral hemisphere might synchronize more efficiently the activity of sympathetic neurons responsible for the right MSNA than of the sympathetic neurons responsible for the left MSNA. However, since burst rate is similar in the left and right MSNA recordings, the right cerebral hemisphere seems unable to perturb the frequency of functioning of the entire network of the sympathetic oscillators.
An alternative hypothesis may explain the observed larger right MSNA burst strength as the result of a possible largersided sympathetic innervation related to a greater right leg muscular mass in our right-handed population. However, if that were the case, the right-sided prevalence would have been preserved in any experimental condition. Conversely, in the present study, unilateral and bilateral carotid baroreceptor stimulations abolished any right-sided dominance (see Effects of carotid baroreceptor modulation on MSNA burst strength lateralization), thus making this hypothesis unlikely. Finally, it must be pointed out that burst strength parameters critically depend on the efficiency of automatic burst identification that, in turn, may be affected by changes in the MSNA recording signal-to-noise ratio. For this reason we took due care in accepting only burst amplitude characterized by a signal-tonoise ratio Ն 3.
Effects of carotid baroreceptor modulation on MSNA burst strength lateralization. In the present study unilateral and bilateral sinusoidal baroreceptor stimulations abolished the right-sided lateralization of the MSNA normalized burst strength observed at rest. During unilateral neck suction, no sided prevalence in MSNA burst frequency and incidence could be observed.
The modulatory activity on MSNA played by the carotid component of arterial baroreceptors was recently assessed in a study based on right-and left-unilateral sinusoidal 0.1-Hz neck suctions and single MSNA recordings (11) . Unilateral carotid baroreceptor afferent stimulation resulted in a similar increase in the 0.1-Hz component of MSNA variability (11) .
In the present study we simultaneously recorded the right and left MSNA and assessed any potential lateralization in the sympathetic post-ganglionic discharge activity produced by unilateral and bilateral carotid 0.1-Hz sinusoidal baroreceptor loading. To minimize the effects played by modifications of breathing activity on baroreceptor sensitivity (7), we controlled respiration at 0.25 Hz during all neck suction procedures.
Unilateral and bilateral carotid stimulation slightly increased the magnitude of the 0.1-Hz oscillatory component of MSNA variability of both the right and left nerve recordings, as suggested by values larger than 1 in Table 4 and Fig. 5 , but no significant sided prevalence could be found.
Therefore, the carotid baroreceptor modulation may overwhelm the synchronizing influence possibly exerted by the right cerebral hemisphere on the sympathetic neurons responsible for the laterality of sympathetic normalized burst strength observed at rest during spontaneous breathing.
Limitations. The results of the present study should be considered within the strict context of our population of righthanded individuals. The potential contribution of handedness in producing the right prevalence of MSNA burst amplitude and area observed in our individuals, which would have also required the investigation of left-handed subjects, was not specifically addressed.
It is noteworthy that the use of a unilateral baroreceptor afferent stimulation enabled us to indirectly rule out a possible crucial role of peripheral factors, namely handedness, in producing the observed right-sided prevalence of sympathetic efferent burst strength parameters. If the higher right burst strength parameters observed at rest were due to handedness, then such a right laterality should have also been maintained during the sided neck suction procedures. Conversely, unilateral and bilateral baroreceptor activation abolished the laterality in MSNA burst amplitude and area. If handedness played a crucial role in our results, it should have also affected the carotid baroreceptor activity modulating MSNA discharge, ultimately resulting in an increased or blunted laterality of MSNA variability. That was not the case because we found that both right and left neck stimulations were similarly effective in modulating the 0.1-Hz oscillatory component of the right and left MSNA variability. Finally, a previous investigation, based on both right-and left-handed volunteers, was specifically designed to assess whether MSNA responses were correlated with cerebral hemisphere laterality or handedness (25) . In that study it was found that the MSNA increase after right-arm exercise was higher than after left-arm exercise, independently of the dominant or nondominant exercising arm. These authors concluded that sympathetic outflow to the vasculature was likely to be selectively modulated by hemispheric laterality.
On the basis of these considerations, we conclude that handedness is unlikely to play a crucial role in the laterality observed in the indexes of the MSNA burst strength in the present investigation.
Spectral detection of MSNA variability was described to be critical in the high-frequency band due to differences in the position of the recording electrode and in the 0.1-Hz oscillatory component during simulated changes of heart rate (13) . In the present study we focused only on the 0.1-Hz baroreceptormodulated component of MSNA variability that was unlikely to be spuriously altered, because the rhythmic 0.1-Hz stimulation of the carotid baroreceptor activity did not result in any significant change of hear rate.
Conclusions. The results of the present study suggest the presence of a right lateralization of the normalized burst strength parameters of the post-ganglionic sympathetic discharge activity in right-handed individuals while recumbent and breathing spontaneously. We hypothesize that the right lateralization of the MSNA burst strength might mirror a larger synchronization of the sympathetic post-ganglionic discharge activity, possibly reflecting the influence of the right cerebral hemisphere on sympathetic neurons responsible for the right MSNA. Since lateralization is abolished by carotid baroreceptor stimulation, the observed right sympathetic predominance of burst strength is less unlikely an anatomic feature than a functional dynamic property of the neural sympathetic network.
Carotid baroreceptor stimulation seemed to overwhelm this greater right-sided sympathetic activity.
